An average of 70 samples were collected from 80 dairy farms in England and Wales, from cattle, co-grazed sheep, wildlife and farm wastes, to investigate prevalence, potential sources and transmission routes of Cryptosporidium. At least one positive sample was detected on 74 of the farms (92.5%) by IFAT microscopy. The prevalence in cattle was 10.2% (95% CI 9.4-11.1%), with greater prevalences detected in calf samples, especially from those under 1 month (45.1%). Young calves were also more likely to be shedding Cryptosporidium parvum and larger concentrations of oocysts, whereas older calves and adult cattle were more likely to be shedding Cryptosporidium bovis and Cryptosporidium andersoni, respectively. The C. parvum subtypes detected were predominantly from types commonly identified in UK cattle (67% were either IIaA15G2R1 or IIaA17G1R1). A novel subtype, IIaA17G1R2, was identified from one cattle sample.
Introduction
Cryptosporidium infection is common in farm animals, especially young cattle, but it is often subclinical (De Graaf et al., 1999) . Cryptosporidium has been shown to be public access restrictions to the countryside (Sopwith et al., 2005) . However, a combined effect with improvements in drinking water quality has been considered. The importance of understanding and controlling Cryptosporidium is highlighted as there is also growing anecdotal evidence of Cryptosporidium infections as a problem in the beef industry, in both calves and adults, within the UK and particularly in Scotland (Hateley, pers. comm.) . There have been no large scale on-farm Cryptosporidium prevalence studies of cattle in the United Kingdom and this was deemed an important gap in the understanding of this parasite and the risk to people coming into contact via food or environmental contact.
As the tools for the molecular differentiation of Cryptosporidium have advanced, so has the number of different species associated with public health and the differentiation of species of veterinary importance. Species of Cryptosporidium have varying host species, with Cryptosporidium parvum being particularly important to epidemiologists as it infects a wide range of animals and also people. The zoonotic transmission of C. parvum via direct animal contact has been demonstrated and reported (Casemore, 1990; Elwin et al., 2001) , but the risk of disease through indirect contact with animal faeces or from environmental exposure is unmeasured. Previous evidence for the existence of different subtypes of Cryptosporidium species, along with their zoonotic capabilities and potential reservoir host range, has been demonstrated (Xiao et al., 2001; Pritchard et al., 2007; Chalmers and Giles, 2010; Smith et al., 2010) .
The potential for the circulation of Cryptosporidium species between different animal species on a farm has been shown by a previous study, where identical Cryptosporidium species and subtypes were detected from different animal species on the same farm (Smith et al., 2010) . This may indicate that different animal species are susceptible to the same transmission routes on the farm or that infection is transmitted between animal groups.
The study described here sought to determine the prevalence of Cryptosporidium in the cattle population in England and Wales and to investigate and identify potential environmental reservoirs/sources of public and veterinary infections, whether direct, environmental or food/waterborne. The contributions of wild animal and bird populations to the environmental load were also investigated. Molecular tools were used, capable of determining all species of Cryptosporidium, to determine the extent of the presence of different species on the farms, and subtyping tools were used to further discriminate those of primary zoonotic importance and assess the potential transmission risk to people and farm animals. The identification of Cryptosporidium species of veterinary importance was considered essential as, although some may not be a risk to public health, infection in calves adversely affects farm productivity. This study aimed to inform the development of interventions that would be of use to the farmer in disrupting transmission routes or potential reservoirs of infection, while also helping to determine areas of greatest risk to the public entering farm land for recreational purposes.
Materials and methods

Enrolment of farms
A sample size calculation (Winepiscope, Thursfield et al., 2001 ) was used to determine that 75 farms would be required to estimate prevalence with 95% confidence and precision of 10%, when the assumed prevalence of infected herds was 66% (Brook et al., 2008) . Additional farms were also selected to ensure that sampling was completed across all seasons.
The majority of the enrolled farms were also used for a case-control study, not reported here, which was designed to investigate antimicrobial resistance in commensal E. coli. A quarter of the farms (20) were 'case' farms for this antimicrobial resistance study, selected due to cattle movement links with an index farm, but the remainder were controls. The controls were randomly selected from herds in the Animal Health Agency's Vetnet database of livestock premises that met the following eligibility criteria: Dairy farm and 30 or more youngstock (cattle aged 0 -24 months) present on the holding, as listed by the Cattle Tracing scheme population data taken from January 2009. These farms were supplemented by 13 more farms, enrolled solely for the purpose of this study and selected in the same manner as the controls. The farm selection for this study was limited to a geographical area covering the counties which could be conveniently sampled from the four AHVLA regional offices at Aberystwyth, Shrewsbury, Preston and Penrith. The farms were all located in 7 counties in the West Midlands, North-West England or in Northern Wales. In Wales, 7 farms were located in the county of Clwyd, 9 in Gwynedd and 1 in Powys. In England, 12 farms were from Cheshire, 24 from Cumbria, 25 from Lancashire and 2 from Shropshire.
All farms interested in participating were required to have at least 30 calves (<6 months) on the farm during the period of sampling visits to ensure that enough calves were available to be sampled; this was checked at the time of enrolment and those with less than 30 calves were omitted. A visit was arranged to each participating farm during which samples were collected along with details of each sampled location, as well as a sketched farm layout map annotated with the location of animal groups and sampling locations.
Sample collection
To determine within-herd prevalence, a sample size calculation showed that 27 animals were required to be sampled to detect prevalence with 95% confidence and 5% accuracy, assuming the group size was 30 animals and that 10 animals were infected.
At each visit, 55 fresh faecal samples (roughly 10 g) were collected from cattle groups. These included 30 individual calf pat samples from fields/accommodation occupied on the day of the visit. Sampling from calves less than 3 months old was prioritised but otherwise the next available youngest age group was sampled. The remaining 25 samples were from adult milking cows. These individual pat samples were collected broadly in proportion to the numbers of animals in each group or enclosure, and were taken from points distributed across the whole of the accommodation/grazing field that was accessible in order to ensure the sample was representative of the group of animals.
Up to 25 samples were collected from other areas according to the following protocol: (1) Wildlife faeces (maximum 5 samples). Samples represented the risk of infection from a particular wildlife species, such as birds, foxes, deer and rodents (counting birds as a single species) in a particular house or field where calf samples had been collected. As much faecal material as possible, pooled from the same location and the same species, was collected in each sample pot. Pre-moistened, sterile Readiwipes were used to collect bird samples. (2) Co-grazing sheep (maximum. 10 samples). Fresh (voided) faeces were collected from sheep that were co-grazed with cattle. If sheep were co-grazed on more than one field, then the 10 samples were divided between the fields roughly in proportion to the size of the sheep groups in each. If no co-grazed sheep were present then no samples were collected. (3) Manure (maximum. 2 pooled samples). Samples were taken from two composting/stacked manure heaps to which calves and youngstock had most recently contributed. At four separate locations on the heap, surface weathered manure was pulled away and then material removed to a depth of 10-20 cm. Two "pinches" (approx. 4 g) of manure were collected per hole, with a final pinch of surface material. If the farm had only one heap, a second pooled sample was not required. (4) Dirty water (maximum 3 samples). Sampling areas were the milking parlour drain, outside drain that contributes to the farm's dirty water and drains in areas of animal accommodation or collecting yard. The liquid in the drain was mixed well using a plastic rod. The rod was wiped with 70% ethanol and thoroughly rinsed with water between successive samples and a new rod used for each farm. Up to 1 L of drain liquid was collected. (5) Spread slurry (maximum. 5 samples). Five sampling areas were identified (e.g. top left, top right, bottom left, bottom right and centre) in a pasture field used for grazing where slurry had been spread in the last month. If more than one pasture field had been spread in the past month, then the most recently spread field was selected. The areas of the pasture field selected for sampling were preferably damp, shaded areas where slurry had been visibly spread. From each of the 5 areas, a 2 m × 2 m section was selected and a sample (approximately 5 g) of residual manure or surface material (topsoil or visually contaminated grass) was collected from 10 points in the section, by scraping to a depth of no more than 2.5 cm. The pooled sample from the 10 positions was mixed. If no slurry has been spread in the past month then no samples were collected.
Sample testing
Samples were tested by immunofluorescence (IFAT) microscopy using a commercially available kit (TCS Biosciences). The antibody used has been shown to bind to all Cryptosporidium oocyst species, with a known lesser affinity to Cryptosporidium felis (Huw Smith, pers. comm. 2003) . Samples were deemed positive where any Cryptosporidium oocysts were seen. Semi-quantitative counting techniques were used from a scale of 1+ (<1 × 10 3 oocysts per gram) to 5+ (>2 × 10 6 oocysts per gram) as described by Webster et al. (1996) and defined in Table 3 .
A subset of Cryptosporidium positive samples, identified by the researchers to be representative of the sampled population (sample types and animal age groups), was selected for further testing. The published PCR-RFLP on the 18srRNA gene (Xiao et al., 2000) was used to speciate the Cryptosporidium oocysts demonstrated as present by microscopy. The RFLP enzymes SSPI and VSPI were used, along with MboII (Feng et al., 2007) . A large proportion (>50%) of samples, including non-C. parvum species as determined by RFLP, all those with weak amplification (making RFLP impossible) or an unclear pattern, and a random selection of 10% of the C. parvum samples, were also confirmed by ABI sequencing.
The sequences obtained were compared to other published sequences on the Genbank TM database and sequences of interest were uploaded onto Genbank TM . Nucleotide sequence data reported in this paper are available under the accession numbers: KJ486151, KJ486152, KJ499993 and KJ499994.
The GP60 microsatellite region of the C. parvum and Cryptosporidium hominis genome was used to identify the different subtypes of those species (Strong et al., 2000; Sulaiman et al., 2005) . Unusual or rare subtypes were tested twice for confirmation.
Data analysis
Data collected from the farm visits and the test results were entered into a purpose-built Microsoft Access (Microsoft corp. 2003. Redmond, WA) database, wherein a 20% data entry error check and a search for improbable values were completed. Farm-level and within-herd prevalence estimates were calculated by conventional methods with 95% confidence intervals, and tabular summaries produced in Microsoft Excel (Microsoft corp. 2010. Redmond, WA). The survey (svy) command in Stata (StataCorp. 2007 . Stata Statistical Software: Release 10. College Station, TX: StataCorp LP) was also used to produce corrected confidence interval estimates around the prevalence, adjusting for farm level strata. Analyses, using Chi-Squared tests, were made to compare the sample results at each category of a number of variables, such as season of sampling. Yates' correction and Fisher's exact P-values were used when at least one cell of the 2xn table had an expected count smaller than 5.
Results
A total of 80 farms were tested for Cryptosporidium presence. These farms consisted of 67 farms visited, as part of the E. coli case-control study, between November 2009 and March 2010, and 13 farms visited between May and September 2010 specifically for this project. No significant difference was found between the test results or main management structures of the case and control farms. No significant differences were found between the participating farms and those that declined participation in the study with respect to the main farm details, such as herdsize and farm location. An average of 70 samples were tested from each farm (range 38-110), with a total of 5594 tested overall. At least one positive sample was detected on 74 of the 80 farms (92.5%, 95% CI 86.7-98.3%). The planned 55 cattle samples were not collected from all farms: five farms were missing between one and four samples due to a lack of faecal material in animal areas, and a further four farms had fewer youngstock or adult cattle present on the farm than expected so the sampling represented the smaller number of animals. Cryptosporidium prevalence was highest (20.6%) in the 553 samples collected in the spring months (March-May) rather than in the other seasons (8.8%) (odds ratio (OR 2 x ) 2.7, P < 0.001). The preliminary results for the presence of any species of Cryptosporidium from the IFAT microscopy testing showed that a prevalence of 10.2% (95% CI 9.4-11.1%) was detected from cattle samples collected from each farm, with little change between the confidence limits calculated by conventional or adjusted methods (Table 1) . The results also indicate that a relatively high percentage of positive samples (>10%) were detected from rats, mice and bird samples, collected from the cattle enclosures (Table 1) . Dirty water samples and manure samples were found to have prevalences similar to that detected from the cattle, but the number of positive test results from samples collected from grazing fields where slurry had been spread in the preceding 30 days, was found to be low. A low prevalence (4.1%) was detected from the 121 sheep samples and no positive samples were detected from deer and fox samples, although only 2 samples were collected of each.
Cryptosporidium prevalence appeared to be related to the age of cattle present in the group. As the samples were collected from groups of animals, the exact age of the animals was unknown. However, the highest prevalence (45.1%) was detected in groups where the oldest age category was less than one month ( Table 2) .
The semi-quantitative test results for mice and rats had a greater percentage of samples with high Cryptosporidium concentrations than other sample types (Table 3 ). Mice had 7.7% of samples with an estimated 3+ concentration and rats had 5.3% at that concentration and 5.3% at 5+, in comparison with an average from all samples of 0.5% at 3+ and 0.8% at 5+. However, there was no statistical evidence that rodents had a higher probability of a result above 2+ (OR 2 x 3.3 P = 0.11). The semi-quantitative results broken down by the age categories in the cattle groups indicated only calf groups (aged 0-6 months) had concentrations of 4+ and 5+ (Table 4) . Calf groups containing only calves under 1 month of age, were significantly more likely (P < 0.001) to have concentrations of 5+ (6.6%) than those that contained calves up to 3 or 6 months of age (1.8% and 0.2%, respectively).
PCR analysis
A total of 422 IFAT positive samples from 52 farms were tested by 18s rRNA PCR. However, the samples from four farms only provided 'unclear' results. The number of farms supplying PCR-RFLP results for each sample type is shown in Table 5 . Each of the 52 farms had an average of 8 samples tested by PCR-RFLP, with only one farm having only one sample tested (range 1-27). The most common patterns of Cryptosporidium species detected on these farms were Cryptosporidium bovis, C. parvum and unclear pattern (10 farms), C. bovis and C. parvum (7 farms), and C. parvum and unclear pattern (6 farms). Eight farms had only one species result detected (including the farm which had one sample tested). One farm had five Cryptosporidium species detected: Cryptosporidium bovis (from weaned and new born calves); C. parvum (new born calves); Cryptosporidium ryanae (new born calves); Cryptosporidium ubiquitum (rats); and unclear pattern (new born and weaned calves). A Cryptosporidium baileyi was detected in a sample from a calf group and confirmed by sequencing. However, the novel detection of this species in cattle could not be verified, as the sample was from floor faeces and could have been contaminated by another source.
A comparison between the semi-quantitative IFAT result and the Cryptosporidium species indicated C. parvum was significantly more likely to be detected in samples with larger concentrations (≥3+) than the other Cryptosporidium species (OR 2 x 19.0 P < 0.001). Only 60 (44%) C. parvum samples had concentrations of 1+, 24 (18%) of 2+, and 52 (38%) of ≥3+, whereas the other Cryptosporidium species had 90% of samples with concentrations of 1+, 7% with 2+ and 3% with ≥3+.
Of those with positive results, faecal samples collected from cattle groups were most likely to have been either C. parvum or C. bovis, and sheep were mainly C. bovis (Table 6 ). Waste sources (manure, dirty water or spread slurry) contained mainly Cryptosporidium andersoni (4 samples) or C. parvum (9 samples). The three 'positive' results from birds were all C. parvum, whereas the mice and rat samples had identified species rarely found in cattle apart from one sample from mice with C. andersoni.
Of the 382 cattle samples tested by PCR, samples from groups containing calves aged under a month (175 samples) were more likely to have C. parvum detected (52.6%), whereas C. bovis (46.3%) were mainly detected in samples from groups of cattle aged between 1 and 6 months (160 samples). The 11 samples from groups of cattle aged over 7 months were predominantly unclear pattern results (81.8%) and samples from groups of only adults aged over 24 months (36 samples) mostly had C. andersoni (61.1%).
Most PCR tested cattle groups were housed, with only 11 samples tested from pasture. The samples from grazing cattle were 3 C. bovis (2 from <1 month old groups and 1 from a >24 months old group), 1 C. ryanae (1-3 month olds) and 7 unclear. The season of sampling was associated with the Cryptosporidium species detected, as significantly more C. parvum were detected in winter (38.6%) than in other seasons (12.5-25.4%) (OR 2 x 1.6 P = 0.024). In contrast, the proportion of C. bovis detected was consistent throughout the year (25.0-26.6%).
Comparisons of the PCR results from cattle samples shows a slight regional bias, with farms in Wales more likely to have at least one C. bovis sample detected (50.0% compared with 37.0% in Mid & West England and 37.5% in Northern England), although the difference was not significant (OR 2 x 1.7 P = 0.365). Of the 52 farms that provided PCR results, 44 provided PCR results from more than one cattle group or sample type, and on 28 (64%) of these the same Cryptosporidium species was detected in more than one group or sample type. The identical species were predominantly C. parvum (12 farms) or C. bovis (9 farms), but also C. andersoni (2 farms), C. bovis and C. parvum (2 farms), C. andersoni and C. bovis (1 farm), C. bovis and C. ryanae (1 farm), C. andersoni and C. parvum (1 farm). The groups/sample types with matching Cryptosporidium species were most likely to be groups of calves (10 farms) or calves and adults (5 farms).
Nine farms had the same species (5 C. parvum, 3 C. andersoni and 1 C. bovis) detected in cattle and farm waste, out of a total of 12 farms that had PCR results from both sources (1/1 slurry, 3/4 dirty water and 5/7 manure). All the farms spread their own farm's manure on grazing fields and spread other animal waste on fields for grazing or for the production of fodder crops for cattle, whereas one farmer also spread manure from another farm which may be a Cryptosporidium transmission risk. For the five farms that had PCR results from rodent (rat or mice) and cattle samples, none of the Cryptosporidium species detected from rodents and cattle matched.
On three farms with species results for cattle and bird samples, all three had matching species. On two of the three farms where C. parvum was detected in both calf and bird samples, the farmer had responded that birds had access to calf and cattle accommodation on the farm, whereas on the other farm no access to birds had been noted. Three farms had species results from cattle and sheep samples. One farm detected C. bovis in sheep and cattle. The sheep were recorded as co-grazed together with cattle, with sheep reintroduced to cattle pastures after more than three weeks. On the two farms where the same Cryptosporidium species was not detected from the sheep and cattle samples, the particular groups with PCR results were not co-grazed on the same land, although the sheep were grazed on other cattle pastures.
Where the same species was found in more than one cattle group, there were few specific contacts recorded between the groups by the farmer. Only one farm with matching groups reported that animals shared water/feed troughs and had nose-to-nose contact, while four other farms with matching groups had only nose-to-nose contact. In comparison, 6 farms had groups with nose-to-nose contact, which did not have the same Cryptosporidium species. All of the 23 farms that had matching species between groups, shared staff between those groups, whereas only 7 of the 11 farms where none of the groups had matching species shared staff (P = 0.01).
Results of GP60 microsatellite analysis
In total, 89 C. parvum samples were subtyped, originating from 33 farms. One sample was subtyped on 22 farms, with the remaining 11 farms having between 2 and 8 samples subtyped. The subtyped samples were from cattle faeces (81), dirty water (6) and bird samples (2), but none of the C. parvum manure samples were successfully subtyped. The most common subtype was IIaA15G2R1 which was detected in all three sample types, and the least common were IIaA15G2R0 and IIaA17G1R2, with the latter being a novel subtype not previously reported (Table 7) . From the 11 farms that had multiple samples tested, three had more than one subtype detected in cattle: IIaA18G1R1 and IIaA16G3R1; IIaA15G2R0 and IIaA15G2R1; and IIaA15G2R2 and IIaA16G3R1.
On 4 of the 5 farms where more than 1 cattle group was tested, identical subtypes were detected in the different groups. The tested cattle groups for the farm that had non-identical subtypes were located separately, with one present on the main farm and the other on an out-farm. Only 1 farm had both cattle and dirty water tested and both sources had the same C. parvum subtype (IIaA15G2R1). One dirty water sample came from the drain outside the cattle group's accommodation, but the other came from a drain outside a cattle group that tested negative for Cryptosporidium. On the 2 farms where bird samples were tested, the subtypes (IIaA15G2R1 and IIaA19G1R1) matched the cattle subtypes. On both farms the bird samples were collected from the accommodation of a cattle group with the matching subtype, but the same subtype IIaA15G2R1  47  42  4  1  IIaA17G1R1  13  13  0  0  IIaA19G1R1  5  4  0  1  IIaA18G3R1  4  4  0  0  IIaA17G2R1  4  4  0  0  IIaA13G2R1  4  4  0  0  IIaA18G1R1  3  2  1  0  IIaA16G3R1  3  2  1  0  IIaA20G3R1  2  2  0  0  IIaA15G2R2  2  2  0  0  IIaA17G1R2  1  1  0  0  IIaA15G2R0  1  1  0  0 was also detected in more distant cattle groups on the farm.
Discussion
Cryptosporidium was found to be ubiquitous on dairy farms, with Cryptosporidium detected in almost all (92.5%) of the 80 sampled farms. The prevalence of Cryptosporidium in cattle was low overall but was high in young calves, especially those under one month of age. A trend of decreasing prevalence with increasing age of the cattle was observed. Another study in the same area showed a prevalence rate of 28% in young calves at any one time (Brook et al., 2008) which is lower than seen in other EU countries where 47.9% prevalence rates have been reported in beef and dairy calves under 22 days of age (Castro Hermida et al., 2002) . The risk to people from young calves is higher as young calves were also more likely to be shedding C. parvum which is the species responsible for up to 50% of human cases (Chalmers et al., 2009) , and young calves were found to be shedding larger concentrations of oocysts in the faeces samples. However, if the calves are housed indoors then the risk is predominantly to the handlers rather than the general public. Older calves and adult cattle were more likely to be shedding C. bovis and C. andersoni, respectively, for which the public health/zoonotic risk is low, although there is still a risk from those older calves and cattle shedding C. parvum. However, there is a possibility that a proportion of C. bovis results may have been Cryptosporidium Xiao as only circa 20% were confirmed by sequencing.
Co-grazed sheep were found to have a low prevalence (4%) of Cryptosporidium in this study, which was not always the case in other published studies, and C. parvum was not detected, which is also in contrast to previous studies (Mueller-Doblies et al., 2008) . US and European studies have shown that the cross-sectional prevalence rate in ewes was 25% and in lambs was between 59% and 77% (Causapé et al., 2002; Santín et al., 2007) . However, in a longitudinal study on a single UK farm, the rates were shown to be 6.4% in ewes and 12.9% in lambs (Sturdee et al., 2003) . When assessing the prevalence rate detected in this study, consideration must be given to the lack of epidemiological data collected for the sheep samples (i.e. no ages were supplied), which may account for the prevalence being lower than expected. The detection of C. bovis in sheep was not unexpected, as it has been found in previous studies of both mixed sheep/cattle farms and sheep only farms (MuellerDoblies et al., 2008) .
The wildlife samples indicated that birds and rodents may be significant reservoirs of Cryptosporidium and a potential risk to people. The rodent samples had a high prevalence and had large concentrations of oocysts in the samples, although the Cryptosporidium species detected were not a known zoonosis risk and so rodent faeces may be of a lower risk to people. The high prevalence agrees with a longitudinal study completed on a single UK farm which showed the prevalence in small wild mammals (mainly rodents) living in and around farm buildings as 32.8% and living in areas of pasture as 29.9% (Sturdee et al., 2003) . Mice have also been shown to be potential vectors of Cryptosporidium in other studies (Klesius et al., 1986 ) and the identification of C. andersoni in the mouse sample, confirmed by ABI sequencing (100% match to all sequenced C. andersoni), may also provide evidence that rodent faeces could be a source of infection to cattle. In the bird samples, a subtype of C. parvum known to be detected in human populations was found and birds may help spread infection to different buildings (potentially shown by the subtyping results detected in this study) and to other farms, and areas contaminated with their faeces may also pose a risk to people.
The results from the environmental sources provided further evidence of the survival of Cryptosporidium in waste. Cryptosporidium was found in dirty water and manure sources, and was also detected in some pasture samples where slurry had been spread. C. parvum was detected in dirty water and manure samples, and although C. parvum was not detected in a small number of microscopy-positive soil samples, the presence of a Cryptosporidium species detected in the cattle on the farm shows that this transmission route may be a risk to people who have contact with pasture. However, we are unable to state whether all Cryptosporidium positive waste samples were viable. Due to the larger quantities of farm waste that would generally be produced by adult cattle rather than calves, it is interesting that it was the Cryptosporidium species rarely found in adults that was mostly detected in the waste. Soil can be difficult to process using molecular techniques as it may contain inhibitory factors, although it has been shown that up to 17% of 782 soil samples taken from dairy farms in the USA contain Cryptosporidium oocysts (Barwick et al., 2003) . This environmental risk is particularly important in England and Wales, where the public have greater access to farm land than in many other countries (Countryside and Rights of Way Act 2000). It is interesting that the number of human cases from contact with recreational water is increasing (Yoder et al., 2012) and this may be related to run off from waste contaminating waterways. It may reasonably be concluded that muck heap management and slurry management prior to spreading can be considered an intervention point to reduce environmental contamination with benefits to both veterinary and public health.
In the UK, the number of human cases with C. parvum peaks in the spring, which coincides with the higher total Cryptosporidium prevalence detected from these dairy farms, potentially indicating a role in zoonotic transmission to people. However, the highest proportion of C. parvum was collected in the winter months, when the animals were kept indoors. The infected animals may pose a risk to staff on the farms, but would present less risk to the general public via contamination of fields and pathways.
The same Cryptosporidium species were often detected from multiple groups or sample types on the same farm. On more than half of the farms where this occurred, identical species were detected, which were mainly C. parvum or C. bovis extracted from calf groups or mixed groups of calves and adults. Interestingly, there was no specific contact (e.g. nose-to-nose contact) recorded that was different between groups with matching species and either non-matching groups on that same farm or on other farms, although sharing staff between groups appeared to increase the risk. This indicates that staff members moving between buildings without taking appropriate biosecurity measures, such as disinfecting boots or using pen-specific equipment, overalls and boots, may spread Cryptosporidium between pens.
The transmission analysis also shows that the same species were found in cattle and all farm wastes and bird samples, but rarely or not at all in sheep or rodents. This may indicate which sample types are involved in the transmission on the farm. However, it is not possible to determine the direction of the transmission, i.e. do cattle contaminate the waste sources, which in turn are spread on grazing land and infect grazing cattle. Birds have previously been shown to shed C. parvum (Quah et al., 2011) , but this is the first time that the subtyping using the microsatellite sequences of the GP60 gene have matched to the circulating subtype on the farm. The matching of Cryptosporidium appeared to be related to proximity, with matching cattle and sheep being co-grazed and birds matching to cattle where birds could access the animal buildings.
The subtypes of the C. parvum shed by the cattle or detected in the environmental and bird samples were examined for similarity to other cattle populations in the UK/World as well as the human population. The top four subtypes detected in this study have been commonly reported in UK cattle populations, with fewer reports of IIaA20G3R1 and IIaA17G2R1 (Brook et al., 2009; Chalmers et al., 2005; Thompson et al., 2007) . The subtype IIaA13G2R1 has been reported in cattle in Belgium (Geurden et al., 2007) and Netherlands (Wielinga et al., 2008) and IIaA15G2R2 in US .
The main subtypes detected by this study were similar in proportion to those detected in the UK human population, with subtype IIaA15G2R1 the most commonly reported and IIaA17G1R1 also frequently reported (Chalmers et al., 2011) . Three of the other subtypes have been detected in people in specific regions of England: IIaA19G1R1 in North West England; IIaA18G1R1 in East and South West England; and IIaA18G3R1 in South West England. The other subtypes detected in this study have not been published in any UK human study.
With the exception of one farm, where the cattle groups were located on distant sites, the same C. parvum subtype was found within individual farms. This may indicate a circulating effect of Cryptosporidium within farms, possibly with staff indirectly carrying contaminated faeces between buildings and wild birds moving between buildings and contaminating the environment via their faeces, or it could demonstrate persistence on the farm. However, the two farms with birds and cattle with matching subtypes were both IIaA15G2R1, which is the most common subtype found in this study and in the published literature. It should be noted that few human samples have been analysed using GP60 subtyping both in the UK and around the World and so the subtypes not currently reported in human populations should not be regarded as non-zoonotic subtypes, as they may just be rarer or not detected yet.
The use of a number of non-randomly selected farms may have introduced some bias; although the farms were selected for reasons unrelated to Cryptosporidium presence and were not significantly different in terms of the main size and management characteristics. However, the majority of enrolled farms were randomly selected from the study areas and no difference was found between participating farms and those that declined participation, and so it is believed that these farms were generally representative of the cattle farm population. Regional differences in climate and possibly management may occur in England and Wales, and although the study covered areas of high cattle herd density, the results may not represent all of the dairy farms in England and Wales. Collecting voided faeces rather than individual rectal samples may have biased the results, with the possibility that faeces from a single animal may be overrepresented from the samples from that pen. However, sampling the freshest faeces from a number of locations within the enclosure should have limited this possibility.
Conclusion
The important findings from this study have helped inform the level of risk of infection to people from dairy farms, with young calves being of particular risk due to a high prevalence, large oocyst concentrations and the identification of a proportion of C. parvum which commonly causes disease in the public. The results have also highlighted that Cryptosporidium contamination by rodents and birds may be a route of transmission to cattle and that Cryptosporidium survived well in farm waste and was detected in soil samples where waste had been spread, indicating another route of Cryptosporidium transmission between cattle and a possible risk to the general public. These findings should help inform biosecurity practices on the farm and guide advice to visitors and staff who may have contact with young calves.
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